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Abstract. For the creation of a realistic 3 meter-sized relief globe of
the Moon, a detailed height map of the entire lunar surface is required.
Available height measurements of the Moon's surface are too coarse
by a factor of 15 for this purpose. The only publicly available source
of high-resolution information are photographic images from the Lu-
nar Orbiter IV mission in 1967. We present a shape-from-shading ap-
proach to plausibly increase the resolution of existing low-resolution
height data, based on a single high-resolution photographic mosaic image
of the Moon. The presented reconstruction approach is designed to be ro-
bust with respect to frequent imperfections of the photographic imagery.
Aside from the automatic reconstruction of a complete detailed lunar
surface height map, we give a qualitative validation by the reconstruc-
tion of lunar surface details from close-up photographs of the Apollo 15
landing site.
1 Introduction
In July 1969, Neil Armstrong and Edwin Aldrin were the rst men to land on the
Moon during the Apollo 11 mission. Forty years and another ve manned Moon
landings later, much of the Moon's surface structure still remains unrevealed.
While many international space missions have been carried out since then [1], the
most detailed photographs covering much of the lunar surface are still the ones
taken by the Lunar Orbiter space probes (1966{1967). The available topographic
data surprisingly is a lot more sparse for the Moon than, e.g., for the planet Mars.
Our research project was initiated by the constructors of a Moon museum
who noticed that the available lunar surface height data was utterly insucient
for the creation of one of the planned exhibits: a 3 meter-sized globe of the Moon
with a realistic surface relief. For convincing eect, the necessary resolution of
the lunar model height map would have to be about 3 pixels per millimeter on
the model, or about 30000 pixels around the model's equator. For comparison,
the resolution of the best existing height data from the Unied Lunar Control
Network 2005 [3], Fig. 3, is on average a factor of 15 lower.
While the Lunar Orbiter data seems to be the best available source for high-
resolution photographs of the entire lunar surface, displaying most parts of the
Moon with a resolution of 60 meters per pixel or better, this imagery is chal-
lenging to interpret by a computer. The conventional photographic emulsion lm
was developed aboard the spacecraft, then digitized in stripes and transmitted2
Fig.1. The Lunar Orbiter mosaic [2] was used for the reconstruction of the lu-
nar surface. The mosaic is stitched together from patches with dierent quality
and varying exposure; some parts are entirely missing. Still it is the most com-
prehensive source of high-resolution shading information of the lunar surface.
to Earth where the stripes were put back together, all that using the technol-
ogy of the 1960ies. The many snapshots were combined into a mosaic of the
entire Moon, Fig. 1 (available at http://webgis.wr.usgs.gov/pigwad/down/
Lunar_Orbiter_mosaic.htm). The quality of the mosaic suers from stains of
photographic developer uid, missing patches, limited dynamic range (satura-
tion) and ex post high-pass ltering, Fig 2. Additionally, there is a variation in
the incident angle of the sunlight: in most images the sunlight is incident from
the right, about 20 degrees above the horizon, but both angles change for an
unknown amount towards the Moon's poles.
Fortunately, the intended purpose of the reconstructed lunar surface height
map does not require exact reconstruction, but rather necessitates a certain
visual plausibility of the resulting model. In order to be able to distinguish
comparatively at surface features on the model of the Moon, the actual height
data would have to be exaggerated anyway, and the reconstruction algorithm
needs to qualitatively reproduce the real Moon's surface.
Making use of the existing low-resolution height data, Fig.3, we present a
method to automatically reconstruct high-resolution surface detail based on a
shape-from-shading approach applied to high-resolution imagery from the Lunar
Orbiter mission. The algorithm is designed to be robust to the deciencies of
the input images. In addition, it reconstructs the entire surface of the Moon in
a global and consistent way without further user interaction.3
Fig.2. The quality of Lunar Orbiter photographs suers from stains of photo-
graphic developer uid (visible in this picture detail), missing patches, limited
dynamic range (i.e. over- and underexposure) and ex post ltering.
2 Related Work
The largest control network for the Moon published today is the Unied Lunar
Control Network 2005 (ULCN2005) [3]. It combines images from the Clemen-
tine mission and data from an earlier network which had been derived from
Earth-based and Apollo photographs, as well as Mariner 10 and Galileo images
of the Moon. This network provides a global lunar topographic model that is
denser than that provided by Clementine laser altimetry (LIDAR) and of similar
accuracy. It consists of 272,931 unevenly distributed measuring points, resulting
in an average resolution of about 12 kilometers per pixel. At the time being,
higher density topographic data is only available in limited areas of the Moon.
The Japanese Kaguya mission is aiming to acquire height data at a resolution
of about 2 km per pixel, but until now only 30 km per pixel data has been
published [4].
Up to day, the most comprehensive, high-resolution coverage of the lunar
surface is achieved by the monocular images acquired by Lunar Orbiter [2]. Using
monocular photographs to determine 3D structure has a long tradition in remote
sensing, where it is known as photoclinometry, as well as in machine vision, where
it is known as shape-from-shading (SFS). Since the rst solutions introduced by
Rindeisch [5] and Horn [6], this approach has run through many renements
[7,8]. However, none of these approaches addresses the image imperfections one
encounters in Lunar Orbiter images.
SFS is an underdetermined problem as it assigns the two directional angles
of inclination based on one measured gray scale value. With image acquisition in
machine vision growing cheaper and cheaper, today most algorithms for height
or depth estimation rely on several images. The most common approach is stere-
opsis using stereo image pairs acquired from dierent viewpoints but under the
same lighting conditions [9]. Multi-image shape-from-shading unites the advan-
tages of stereo with SFS. It considers the reection model and uses images ac-
quired under the same lighting conditions from dierent viewing directions [10].
Image pairs that depict the lunar surface under comparable lighting conditions
are rare { especially on the far side of the Moon { and were acquired only in low4
Fig.3. This low-resolution height map from the ULCN2005 network [3] is the
best publicly available height information. We use it to initialize our reconstruc-
tion method of the entire moon surface.
resolution during the Clementine mission. This information is already included
in the ULCN2005 height data.
Another approach to obtain height information is to consider several images
acquired under dierent lighting conditions: Clementine images and ground-
based telescopic CCD images were used to reconstruct 3D elevation information
for certain Moon regions in Ref. [11], [12] and [13]. Still these methods do not
obtain the resolution required for our purpose. In their recent work, Glencross
et al. [14] concentrate on perceptionally plausible height map reconstruction.
As input, they require a pair of one diusely illuminated and one ashlight
illuminated image. Although the Lunar Orbiter and Clementine images were
acquired under dierent lighting conditions, the Lunar Orbiter mosaic is already
high-pass ltered in order to account for slowly varying albedo. The Clementine
images only provide pure albedo measurements. Thus these images cannot be
used as a comparable input to constrain the solutions of the SFS problem.
A great part of SFS literature directly calculates height information instead of
estimating surface normals [15,16]. In our algorithm, we divide normal estimation
and height estimation into two steps adapting the integration algorithm of Smith
and Bors [17]. This allows us, on the one hand, to easily incorporate the low
resolution height eld given with ULCN2005 and, on the other hand, to weight
estimated normal information with a credibility map.
3 Algorithm
Our algorithm is designed to deal automatically with the imperfections of the
monocular high-resolution Lunar Orbiter images. In order to calculate a global5
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Fig.4. SFS on Lambertian surfaces determines only the angle between normal
n and incident light l. We pick the normal in direction of the image gradient rI
that is closest to the normal of a at surface.
height map of the Lunar surface, our algorithm proceeds in two steps. In a rst
step, we calculate normals wherever information is available. In a second step, a
given low-resolution height map, e.g. the ULCN2005, is iteratively rened until
it closely ts the reconstructed normals. The resulting height map is used as a
basis for another reconstruction step, iteratively increasing the resolution.
Since the amount of data being handled during the reconstruction of the
whole lunar surface easily exceeds the available memory of recent desktop com-
puters, large height maps are cut into overlapping pieces that are reconstructed
separately. The results can be blended without problems { using a suitable con-
tinuous weighting function, e.g. a linear ramp { because the long-range coherence
of the resulting height map is ensured by the lower resolution height map used
as a basis. The same procedure is used to ensure wrap-around continuity at the
left and right image borders.
3.1 Normal Estimation
In order to estimate the normal vector for each pixel based on its intensity, we
rst assume Lambertian reectance of the lunar surface so that the angle 
between the normal vector n and the incident light direction l can be computed
from the observed intensity I via
I = l  n = cos (1)
where I 2 [0;1]. While the Moon's surface is not perfectly approximated by
a Lambertian reector [18], the error introduced by this assumption vanishes
in comparison to the error caused by the unknown deviation of the light source
from the position at the right side and at an angle of 20 degrees over the horizon.
Knowing , the normal vector is only restricted to a circle around the light
direction vector l. In order to entirely x the normal vector, another constraint is
needed. For typical lunar geometries, the height gradient (and thus the projection
of the normal vector onto the horizontal plane) is likely to be approximately6
collinear with the intensity gradient of the image, Fig. 4. This assumption proves
reasonable because important height map features like rims and ridges cause
strong intensity gradients (as long as they are not parallel to the incident light
direction), while variations in the direction of the ridges { which might cause
an intensity gradient that violates the assumption { are usually on such large
scales that the associated intensity gradient is small, cf. Fig. 6(a). If we use this
assumption to further constrain the normal vector, at most two possible normal
vectors remain. We select the one that is closer to the normal vector of a at
surface. (For the incident light angle of only about 20 degrees above the horizon,
the other possible normal vector would usually represent an almost vertical wall
that is highly unlikely.)
Note that the input data is presented in a cylindrical projection. Therefore,
the x coordinate has to be scaled by the cosine of the latitude whenever image
gradients are calculated in order to maintain the correct length scale throughout
the whole map.
3.2 Credibility Map
Because of the challenging input data, some precautions have to be taken in
order to compensate for shortcomings of the photographic images. Regions that
are saturated or underexposed do not yield any gradient information. They are
assigned a credibility of zero. Towards saturated or underexposed regions, the
credibility of usable pixels decreases with a Gaussian function to ensure smooth
and plausible transitions. Additionally, all image gradients are smoothed using
a Gaussian lter.
The following normal integration step then takes care of enforcing continuity
between the heights of neighboring pixels.
3.3 Normal Integration
The reconstructed normal vectors have to be integrated in order to obtain the
nal height map. We adapt an iterative algorithm by Smith and Bors [17] which
we extend so that it takes the credibility map into account. The algorithm itera-
tively modies a low-resolution height map, changing the pixel heights in order
to approximate the specied normal vectors. In each step i, the height ~ hi(x;y)
dictated by the normal map is computed for each pixel (x;y) from the current
heights hi(x;y) of its neighbors and the x and y normal vector components
n1(x;y) and n2(x;y) as
~ hi(x;y) =
1
4
X
(u;v)2N
(hi(x + u;y + v) + un1(x + u;y) + vn2(x;y + v)) ; (2)
where N = f(1;0);(0;1)g. We weight h and ~ h by a function i(x;y) =
0c(x;y)
1+2i=(w+h) which is proportional to the credibility c(x;y) of the correspond-
ing pixel and decreases with iteration i in order to enforce convergence. w and h7
Fig.5. The result of our reconstruction algorithm (top) for large-scale photo-
graphic input data (bottom), compared to the initial ULCN2005 height map
(middle). Plausible surface detail has been added where shading information
was available; the missing areas of the photograph were recognized as invalid
and have therefore remained unmodied. Note how many surface features be-
come recognizable in the reconstruction that were not present in the initial height
map.
are the image width and height, respectively, and 0 was set to 0:2. The heights
are then updated by
hi+1(x;y) = (1   i(x;y))hi(x;y) + i(x;y)~ hi(x;y) : (3)
Particularly, the initial height map doesn't change at all when the credibility
is zero, i.e. in regions without any available image data. The iteration stops as
soon as the average dierence between ~ hi and hi falls below a specied threshold
that we set to 0:005.
4 Results
The goal of our algorithm is to produce a plausible high resolution height map
of the entire lunar surface in a fully automated way. Because of the lack of
high resolution ground truth data and the aim of perceptual plausibility rather
than accuracy, we give two examples of the typical results of our reconstruction8
(a) (b)
Fig.6. Input close-up photograph (a) and resulting height eld (b) of the
Apollo 15 landing site near Hadley rille.
algorithm that can be visually evaluated. Figure 5 shows our reconstruction of
an approximately 5000 km by 1000 km patch from the far side of the Moon
close to the equator. In regions where the image data is usable, the perceived
resolution of the heightmap is increased, while regions for which no suitable data
is available remain unaltered. Note how e.g. small craters are added to formerly
at regions.
In the second example we show that our reconstruction algorithm also works
on much smaller scales. We reconstruct an approximately 64 km by 64 km re-
gion around the Apollo 15 landing site. For this region, images acquired during
extravehicular activity are available that permit perceptual validation of recon-
struced heights. At this scale, no reasonable height data is available, so the height
map was initialized as a plane and updated with the single photographic image
shown in Figure 6(a). The reconstructed height map is displayed in Figure 6(b).
The human observer easily recognizes the reconstructed surface features of the
photographic image. This is even more apparent in the comparison of the ren-
dered height map with an actual photograph of the site shown in Fig. 7. However,
due to the little amount of input data to our algorithm, same limitations remain:
Of course, there are surface features which cannot be determined metrically cor-
rect based on one image acquired with xed lighting conditions, e.g. the small
rille in the left part of the image cannot be reconstructed where it runs parallel
to the incident light direction. Also, the saturated regions and shadows close
to high mountains cause overshooting eects in some places, but still the result
looks plausible to the human observer and reproduces the important geograph-
ical features well enough to make the region easily recognizable.9
Fig.7. Apollo 15 surface panoramic photograph (top) and perspective rendering
of the reconstructed height map from a similar viewpoint (bottom) allow for
visual validation of the presence of important surface features.
5 Conclusion and Discussion
We have presented a shape-from-shading reconstruction method for lunar sur-
face geometry that is based on known low-resolution height data and single
high-resolution photographic images. While large-scale coherence of the height
data is inherited from the low-resolution data, surface detail is plausibly added
based on shading information. The algorithm is robust with respect to the many
aws present in high-resolution lunar surface imagery. It has successfully been
used to reconstruct a detailed height map of the entire lunar surface based on
ULCN2005 height data and imagery from the Lunar Orbiter mission. In spite
of the quality decits of the Lunar Orbiter images, the algorithm strongly in-
creases the perceived resolution and richness of detail of the height map. The
reconstruction algorithm is able to detect typical error sources and assigns a
lower credibility value to the corresponding regions so that the known height
data is left unchanged where no better information is available.10
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